Background {#Sec1}
==========

Different tissue-types of the human body withstand and undergo various mechanical loads; encompassing either tension, compression, fluid shear, and/or torsional shear stresses \[[@CR1]\]. These mechanical forces influence the differentiation state of cells, specifically the fibroblast, which demonstrate sensitivity to the surrounding extracellular matrix (ECM) \[[@CR2]--[@CR4]\]. The most abundant cell in the ECM, fibroblasts are a heterologous cell type that contribute to normal physiologic or pathologic conditions through either balance or imbalance between protein synthesis and degradation \[[@CR5]\].

Recent studies have elucidated organ-dependent transcriptional diversity of human fibroblasts relative to anatomical position within and across the human body \[[@CR6]--[@CR8]\]. Results from prior work exploring anatomic demarcation by positional variation in fibroblasts suggest that site-specific variations in fibroblast gene expression are not individual or random, but rather, systematically related to their positional identities relative to three major anatomic axes: anterior-posterior, proximal-distal, and dermal versus nondermal \[[@CR6]\]. Another study utilizing comprehensive gene expression analyses to examine diversity of human fibroblasts across the body revealed diverse transcriptional phenotypes based on organ- and site-specific anatomic location expressed by transcriptional regulation, humoral signaling ligands, and ECM remodeling \[[@CR7]\]. In addition to distinct cell lineages based on anatomic site, it was found that adult fibroblasts maintained key features of *HOX* gene expression patterns established during embryogenesis. This suggests that topographic differentiation and positional memory are retained from embryonic development and underlie the key features maintained in adult fibroblasts \[[@CR6], [@CR8]\].

It is becoming increasingly apparent that physical forces are essential for tissue homeostasis and influence the gene expression of cells \[[@CR9]--[@CR13]\]. Many disease states associated with fibroblast functioning are characterized by diminished or excess deposition of the ECM, leading to changes in gene expression and tissue morphology \[[@CR14], [@CR15]\]. Previous work on human dermal fibroblasts established diversity of mechanotransduction properties and biochemical reactions in response to applied mechanical stress \[[@CR16], [@CR17]\]. As such, the responses of fibroblasts are assumed to be unique and adaptive, resulting in optimal modification and maintenance of their respective microenvironments. In this study, we sought to investigate differences in gene expression of fibroblasts that undergo mechanical loads for elucidation of genetic differences that may be advantageous to the surrounding ECM. Specifically, we utilized the vocal fold fibroblast (VFF) as an ideal surrogate cell-type for comparison due to its particular tissue environment that withstands high, chronic mechanical loading forces.

Human vocal folds (VFs) are a unique organ of the body; tissues are exposed to high inertial stresses \[[@CR10]\]. Vibrations naturally occur at regular frequencies of 100--1000 Hz and amplitudes of about 1 mm \[[@CR18]\]. Daily exposure times can vary between 1 and 2 h, with tissue accelerations reaching 200--300 G \[[@CR19]\]. At present, many physiological and pathophysiological aspects of VFF function remain poorly understood, however it has been assumed that fibroblast function play a vital role in tissue function, normal tissue morphology, and mechanical support for tissues \[[@CR20]\]. It is also thought that variations in homeostatic properties of the ECM contribute to pathogenesis of the underlying lamina propria (LP), including lesions, scarring, and sulcus vocalis \[[@CR5]\].

Initial investigations have led to an increased understanding of the distinct and characteristic gene expression patterns of fibroblasts across anatomic sites, however there remains a gap in the literature with regard to incorporating non-dermal correlates, and more specifically, fibroblasts retained from highly mechanical tissue environments. The current study aims to characterize genome-wide patterns of gene expression in VFFs to determine whether they are distinctly differentiated cell types compared to other anatomic sites that lack high mechanical forces. Specific aims will utilize genome-wide expression profiling focused on investigating the transcriptional regulation, humoral signaling ligands, and ECM remodeling differences of VFFs to other fibroblast genotypes. Given the maturated microenvironment of VF tissue to support complex and unique mechanical forces, we hypothesize that resident fibroblasts have a globally specialized, diverse transcriptional genotype specific to their anatomic origins. We speculate, given prior literature on gene expression variations due to mechanical forces \[[@CR2], [@CR3], [@CR9], [@CR11], [@CR12], [@CR16], [@CR17]\], that VFFs are particularly specialized compared to other anatomic sites that remain absent of such mechanical trauma.

Results {#Sec2}
=======

Thirty-three primary human fibroblast cultures were propagated in vitro*;* obtained from 7 different anatomic locales across 15 cadaveric donors with acquisition of 5 biological replicates from each anatomic location, with the exclusion of gingiva and palatal samples, in which each totaled 4 replicates, respectively (Fig. [1](#Fig1){ref-type="fig"}). Demographic information of successfully cultured fibroblasts from postmortem human tissue are summarized in Table [1](#Tab1){ref-type="table"}. All cultured fibroblasts displayed similar elongated, spindle-shaped morphology regardless of anatomic derivative. Fibroblast lineage confirmation was performed by subtractive methodology \[[@CR5]\], negative for markers of epithelial, endothelial, and skeletal muscle cells (Fig. [2](#Fig2){ref-type="fig"}).Fig. 1Experimental design for tissue procurement and fibroblast isolation. **a** Primary fibroblast populations, were obtained from 7 anatomic sites; scalp dermis (1), soft palate (2), upper gingiva (3), vocal fold (4), trachea (5), lung (6), and abdomen dermis (7). **b** Tissue explant methodology for heterogeneous cell populations with subsequent subcultures for isolation and purification of fibroblast colonies. Clipart was acquired and modified from [clker.com](http://clker.com) and [kisscc0.com](http://kisscc0.com) and is part of Public Domain as stated under the CC0 1.0 licenseTable 1Demographic characteristics of successfully cultured fibroblasts from postmortem human tissueSubject \#SiteSexAgeS01AbdomenM74S02LungF70S03Vocal foldM25S03TracheaM25S03Soft palateM25S03ScalpM25S03Upper GingivaM25S04Soft PalateM75S04Vocal foldM75S04Upper GingivaM75S05Soft PalateF32S05Upper GingivaF32S05AbdomenF32S05TracheaF32S05ScalpF32S06ScalpM73S06AbdomenM73S07TracheaF32S08Vocal foldM89S08TracheaM89S08Upper GingivaM89S08LungM89S09Vocal foldM56S09TracheaM56S09AbdomenM56S09ScalpM56S10AbdomenF69S10ScalpF69S11LungM61S12Vocal foldF58S13Soft PalateF69S14LungM64S15LungF37Thirty-three primary human fibroblast cultures were propagated in vitro; obtained from 7 different anatomic locales across 15 cadaveric donors with acquisition of 5 biological replicates from each anatomic location, with the exclusion of gingiva and palatal samples, in which each totaled 4 replicates, respectivelyFig. 2Lineage characterization of fibroblast cultures. Brightlight microscopy of vocal fold (**a)**, trachea (**b**), and lung (**c**) fibroblast cultures exhibiting homogenous populations with classic elongated, spindle-shape morphology. VFF negative for markers of cytokeratin 19 (**d**), mounted with propidium iodine, von Willebrand (vWF) (**e**), and α-actinin (**f**), mounted with DAPI. Epithelial cells exhibit positive (**g**) expression for cytokeratin 19. Endothelial cells exhibit positive (**h**) expression for vWF. Skeletal cells exhibit positive (**i**) expression for α-actinin. Experiments were performed in triplicates and with negative controls, both in the absence of primary antibodies and with known negative cell types. Brightfield photos taken at 10x and immunofluorescence photos taken at 20x magnification. Scale bar represents 100 μm

Unsupervised differential expression {#Sec3}
------------------------------------

Acquisition of gene expression profiles were obtained by next generation RNA sequencing of the entire genome which yielded 6216 differentially expressed (DE) genes in total across all cell type comparisons (e.g. vocal fold versus trachea versus lung versus abdomen versus scalp versus upper gingiva versus soft palate) with the False Discovery Rate (FDR) corrected at 5% (Fig. [3](#Fig3){ref-type="fig"}). Unsupervised hierarchical cluster analysis of the data revealed fibroblast grouping based on anatomic site origin (e.g. vocal fold, trachea, lung, abdomen, scalp, upper gingiva, soft palate) rather than cells from the same donor (Fig. [4](#Fig4){ref-type="fig"}a). Principle component analysis (PCA) for age- and sex-related effects were negligible between groups (Fig. [4](#Fig4){ref-type="fig"}b).Fig. 3Transcriptomic heatmap exhibiting 6216 genes differentially expressed across all seven anatomic locations. Differential gene expression pattern analysis for vocal fold versus upper gingiva versus soft palate versus trachea versus lung versus abdomen versus scalp dermis identified by RNA sequencing. Adjusted *P* \< 0.05. Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that clusterFig. 4Human fibroblasts display phenomenon of global topographic differentiation. **a** Hierarchical clustering plot for all samples exhibiting similarity in global gene expression profiles across 33 total samples. **b** Principle component analysis (PCA) plot for 33 total samples by location

Post-hoc differential expression {#Sec4}
--------------------------------

Separate post-hoc 2-group comparative analyses for transcript-level differential expression were performed for: (1) vocal fold versus trachea, (2) vocal fold versus lung, (3) vocal fold versus upper gingiva, and (4) vocal fold versus soft palate fibroblast cell types. These comparisons were chosen based on our preliminary data (see Fig. [4](#Fig4){ref-type="fig"}a) which exhibited similar phylogenetic familial relationships between vocal fold, trachea, and lung cell types. Further investigation may provide evidence for demarcation of gene sets which all derive from anterior foregut endoderm, thereby improving insight into developmental domains as it relates to the VFF genotype. In addition, upper gingiva and soft palate comparisons were chosen to provide data alongside cell types known for minimal scar formation, thereby increasing our understanding into the molecular crosstalk, which may help direct gene-targeted cellular engineering for optimal VF remodeling paradigms. Highly differentially expressed genes across all post-hoc 2-group comparisons, as well as, data not discussed are included as additional files \[see Additional file [1](#MOESM1){ref-type="media"} and Additional file [2](#MOESM2){ref-type="media"}\].

Vocal fold versus trachea differential expression {#Sec5}
-------------------------------------------------

Supervised gene expression analysis yielded 220 genes differentially expressed in vocal fold versus trachea, of which, 116 were upregulated and 104 were downregulated in the vocal fold condition (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Differential gene expression pattern analysis for vocal fold versus trachea identified by RNA sequencing. Transcriptomic heatmap exhibiting clustering of 220 genes differentially expressed (116 were upregulated (red) and 104 were downregulated (green) in the vocal fold condition; Adjusted *P* \< 0.05). Most highly expressed genes with their associated overrepresented biologic terms are indicated within each cluster pattern (right). Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that cluster

Further refinement and greater biological characterization of gene sets were pursued through functional enrichment analyses utilizing Enrichr software. Comparative analysis identified significant GO biological process terms within the upregulated vocal fold condition associated with positive regulation of DNA-templated transcription, elongation; negative regulation of chromatin silencing; and chromatin-mediated maintenance of transcription *(NKX3--1, NKX2--5, TFAP2A, WNT11, HAND2, FOXL2, NPAS3, RORB, ERCC6)*, negative regulation of canonical Wnt signaling pathway involved in controlling type B pancreatic cell proliferation *(TFAP2A, WNT11, SCIN, PTPRO, MLLT3, NKX2--5, RERG, NKX3--1)*, positive regulation of antisense RNA transcription; positive regulation of mating-type specific transcription, DNA-templated; positive regulation of transcription during mitotic cell cycle *(TFAP2A, OSR2, TFAP2B, WNT11, HAND2, TP53INP2, FOXL2, RORB, NKX2--5, NPAS3, NKX3--1),* positive regulation of cell proliferation *(FGR, OSR2, TFAP2B, TNK1, TNFRSF11B, NKX2--5, NKX3--1, PTGFR, S1PR3, SGK3, TBX3)* and differentiation *(ISL1, TFAP2B).* Several functional biologic themes were appreciated related to transcription factors as well as extracellular matrix components such as cell signaling communication, migration, proliferation, and differentiation, in large part, driven by combinatorial gene transcripts within the fifth cluster of our transcriptomic heatmap. Additionally, within this cluster, we found a significant GO cellular component term associated with ruffle membrane *(FGR, HIP1R)*, which represents the structural changes on a motile cell surface that contains a lattice of newly polymerized actin filaments. *MMP11* was also found to be upregulated within this cluster. Surprisingly, *HAS2*, which has important implications for cell migration and response to fluid and pulsatile shear stress was found to be downregulated in vocal folds compared to trachea fibroblast cell type.

Furthermore, DE genes upregulated in the vocal fold condition were subjected to analysis using KEGG and WikiPathways cell signaling pathway databases. KEGG analysis generated significant terms associated with axon guidance *(SEMA5A, EPHA7, UNC5C, UNC5D, NTN1)*, tyrosine metabolism (*ALDH3A1*, *ALDH3B1*) as well as overlapping genes of *TBX3, ISL1*, and *WNT11* significant for signaling pathways regulating pluripotency of stem cells. WikiPathways analysis yielded significant terms associated with heart development *(HAND2, NKX2--5, ISL1)*, preimplantation embryo *(TFAP2B, TBX3, NR3C2)*, and neural crest differentiation *(TFAP2A, TFAP2B, ISL1)*.

Vocal fold versus lung differential expression {#Sec6}
----------------------------------------------

Vocal fold versus lung fibroblast cell types yielded 1271 genes differentially expressed, of which, 766 were upregulated and 505 were downregulated in the vocal fold condition (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Differential gene expression pattern analysis for vocal fold versus lung identified by RNA sequencing. Transcriptomic heatmap exhibiting clustering of 1271 genes differentially expressed (766 were upregulated (red) and 505 were downregulated (green) in the vocal fold condition; Adjusted *P* \< 0.05). Most highly expressed genes with their associated overrepresented biologic terms are indicated within each cluster pattern (right). Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that cluster

Significant GO biological process terms within the upregulated vocal fold condition were motivated by combinatorial gene transcripts within the third, seventh, and eleventh clusters of our transcriptomic heatmap. Enriched biologic terms identified within cluster 3, in order of significance, were associated with positive regulation of transcription involved in exit from mitosis (*HDAC4, TFAP2A, OSR2, FOXC1, PCID2, FOXF2, SIX1, EBF3, RORB, KLF4, SMARCA2, NPAS2, PIAS2, EPS8, ING2, TP53INP2, HAND2, ID2, ATOH8, SNAI1, SOX9, CDK5RAP2, NKX3--1),* positive regulation of DNA-templated transcription for processes of initiation, elongation, and termination *(HDAC4, FOXC1, SIX1, GATA3, RORB, NPAS2, ING2, WNT11, SFR1, ERBB4, TP53INP2, PRDM16, ATOH8, HAS3, ALX1, SOX9, NKX2--5, ZNF423, CDK5RAP2, NKX3--1, TFAP2A, NFE2, TFAP2B, OSR2, PCID2, FOXF2, NFATC1, FOXL2, EBF3, KLF4, RGMB, SMARCA2, PIAS2, MDFIC, IRF4, HAND2, ID2, SNAI1, ERCC6),* and positive regulation of transcription by transcription factor localization (*HDAC4, TFAP2A, OSR2, FOXC1, PCID2, FOXF2, LRRK2, SIX1, EBF3, RORB, KLF4, SMARCA2, NPAS2, PIAS2, ING2, TP53INP2, HAND2, ID2, ATOH8, SNAI1, SOX9, CDK5RAP2, NKX3--1).* Enriched biologic terms identified within cluster 7 were associated with positive regulation of transcription from RNA polymerase II promotor *(NFE2, HEY1, ERBB4, IRF4, KCNIP3, HNF4G, HAS3, FOXL2, NKX2--5, GLIS1)* as well as cluster 11 associated with embryonic skeletal system development *(COMP, WNT11, SHOX2, TNFRSF11B, ARSE, BMP6, FBN1),* and adenylate cyclase-inhibiting G-protein coupled receptor signaling pathway *(GNAL, APLP1, ADCY4, LPAR1, ADCY1).* Additionally, *HAS3* was found to be upregulated in multiple biologic processes within cluster 7, *MMP27* was upregulated within cluster 9, and *RAP1GAP* and *RAP1GAP2* were found to be upregulated within cluster 9 and 11, respectively. Most highly represented GO cellular component terms within the upregulated vocal fold condition were found to be associated with integral component of external side of the plasma membrane, insulin receptor complex, integral component of the cytoplasmic side of the plasma membrane, and the G-protein coupled receptor complex.

KEGG pathway analysis yielded significant activation of the calcium signaling pathway *(PTGFR, PTGER3, ADCY4, ITPR3, ADRB1, ADCY1, TACR1, CYSLTR1, GRIN2A, HRH1, GNAL, CCKAR, EDNRB, PHKG1, STIM2, ERBB4, BDKRB2, PLCE1),* Rap1 signaling pathway *(MAGI3, ADCY4, LPAR1, ADCY1, RAP1GAP, FYB, IGF1R, APBB1IP, EFNA1, TIAM1, GRIN2A, SIPA1L1, ID1, PLCE1, FGF13, DRD2, RAPGEF3),* and cAMP signaling pathway *(VAV3, PTGER3, ADCY4, NFATC1, ADRB1, ADCY1, MAPK10, TIAM1, GRIN2A, PLCE1, SOX9, DRD2, RAPGEF3, GRIA3);* while WikiPathways generated terms identical to our vocal fold versus trachea enrichment analysis, however, with the addition of significant prostaglandin synthesis and regulation *(PTGFR, PTGIS, EDNRB, PTGER3, PLA2G4A, PTGS2, PTGS1, PTGDR),* G-protein signaling pathway *(AKAP12, GNAL, ADCY4, ADCY1)* as well as ectoderm differentiation *(TFAP2A, GRAMD1B, NLGN1, ELOVL4, CTNND2, FZD8, STC1, NFATC1, TNFRSF11B, POU2F2, PTPN13, ZFHX4, TSKU, PLCXD3, PODXL, ANKS1B).*

Vocal fold versus upper gingiva differential expression {#Sec7}
-------------------------------------------------------

Vocal fold versus upper gingiva fibroblast cell types yielded 874 genes differentially expressed, of which, 508 were upregulated and 366 were downregulated in the vocal fold condition (Fig. [7](#Fig7){ref-type="fig"}).Fig. 7Differential gene expression pattern analysis for vocal fold versus upper gingiva identified by RNA sequencing. Transcriptomic heatmap exhibiting clustering of 874 genes differentially expressed (508 were upregulated (red) and 366 were downregulated (green) in the vocal fold condition; Adjusted *P* \< 0.05). Most highly expressed genes with their associated overrepresented biologic terms are indicated within each cluster pattern (right). Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that cluster

Significant GO biological process terms within the upregulated vocal fold condition were again motivated by multiple transcriptional regulation processes within cluster 1, however, more interesting was the highly represented GO cellular component terms which identified significance associated with integral components of the internal and external plasma membrane as well as transforming growth factor beta receptor complex *(LPAR1, PCDH18, TM4SF1, TGFBR2, FGFR1)* within cluster 1 and 11, respectively.

KEGG pathway analysis also generated significant activation of the Rap1 signaling pathway and pathways in cancer *(FZD1, LAMA5, HGF, ADCY4, LPAR1, MITF, PIK3R1, PIAS2, TGFBR2, MAPK10, AR, WNT11, MECOM, FGF9, LPAR6, KIT, PPARG, FGF13, WNT2, NKX3--1, FGFR1)*; while WikiPathways yielded significant activation of the Wnt signaling pathway *(MAPK10, FZD1, PRKCI, WNT11, WNT2, ROR2, PRKCH)* and small ligand GPCRs *(PTGFR, LPAR1, S1PR1, S1PR3).*

Vocal fold versus soft palate differential expression {#Sec8}
-----------------------------------------------------

Vocal fold versus soft palate fibroblast cell types yielded 595 genes differentially expressed, of which, 393 were upregulated and 202 were downregulated in the vocal fold condition (Fig. [8](#Fig8){ref-type="fig"}).Fig. 8Differential gene expression pattern analysis for vocal fold versus soft palate identified by RNA sequencing. Transcriptomic heatmap exhibiting clustering of 595 genes differentially expressed (393 were upregulated (red) and 202 were downregulated (green) in the vocal fold condition; Adjusted *P* \< 0.05). Most highly expressed genes with their associated overrepresented biologic terms are indicated within each cluster pattern (right). Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that cluster

Significant GO biological process terms within the upregulated vocal fold condition were motivated by combinatorial gene transcripts within clusters 1, 3, 5, and 11 of our transcriptomic heatmap. Data revealed that the top three most highly significant terms were associated with negative regulation of epithelial cell proliferation *(TFAP2A, TFAP2B, CDKN2A, HMGA1, GATA3, SMAD6, TBX5, TOB1, RERG, SCIN, SIX4, ADAMTS1, ZNF503, SOX9, ROR2, IGFBP6, DRD2, ADAMTS8, NKX3--1),* negative regulation of cell proliferation *(TFAP2A, TFAP2B, CDKN2A, HMGA1, GATA3, TBX5, SMAD6, TOB1, AGT, RERG, SCIN, ADAMTS1, ZNF503, SGK3, ROR2, IGFBP6, SOX9, DRD2, ADAMTS8, TNFRSF21, NKX3--1),* and negative regulation of hemocyte proliferation *(TFAP2A, TFAP2B, CDKN2A, HMGA1, GATA3, SMAD6, TBX5, TOB1, RERG, SCIN, ADAMTS1, ZNF503, SOX9, ROR2, IGFBP6, DRD2, ADAMTS8, NKX3--1).* Significant GO cellular component terms were found to be related to integral component of the cytoplasmic side of the plasma membrane as well as the membrane attack complex, which represents a protein complex produced by the complement cascade which inserts into a target cell membrane and forms pores resulting in cell lysis via ion and water flow.

KEGG pathway analysis yielded the calcium signaling pathway, dopaminergic synapse, and axon guidance as the top three most highly represented associated pathways; while WikiPathways generated similar activation pathways of preimplantation embryo *(FOXQ1, TFAP2B, IRF4, HMGA1, GATA3, AQP3, ZFP36L2, TBX3, NR3C2),* heart development *(FOXC1, HAND2, TBX5, NKX2--5, ISL1),* neural crest differentiation *(TFAP2A, TFAP2B, ID1, HOXA1, SOX9, ISL1, SOX5),* however, with the addition of cardiac progenitor differentiation *(ROR2, NKX2--5, TBX5, DKK1, ISL1).*

Discussion {#Sec9}
==========

Unsupervised hierarchical cluster analysis of the data revealed grouping based on anatomic site origin rather than donor, suggesting global fibroblast phenotype heterogeneity and which corroborates previous transcriptomic work \[[@CR6]--[@CR8]\]. Contrary to previous work that has demonstrated sex-dependent \[[@CR21]\] and age-related effects \[[@CR22]--[@CR25]\] on gene expression, our results were negligible. However, sex differences in many traits are often subtle which require large sample cohorts for sufficient power in revealing discrepancies \[[@CR21]\], which may explain our lack of significance. The absence of age-related effects were also surprising, albeit, prior research suggests highly varied data even among comparable aged individuals likely related to genetic factors, lifestyle, and/or environmental exposures. Our lack of age-related differences may be of benefit to our analyses as epigenetic regulation impacts gene expression \[[@CR22], [@CR23]\]. In view of this, our data, however, established clear delineations of fibroblast gene expression programs observed across tissue-specific anatomic locales and elucidated the unique genotype and cognate biologic and cellular functions of the VFF; a cell-type which undergoes significant and extensive mechanical loading forces.

Fibroblasts under high mechanical demands exhibit unique functional roles primed for cellular plasticity {#Sec10}
--------------------------------------------------------------------------------------------------------

Fibroblasts play a vital role in tissue function, normal tissue morphology, and mechanical support for tissues \[[@CR20]\]. Previous research has shown that fibroblasts can be driven to multipotency under strict biochemical cues and mechanical loads \[[@CR26]\]. Furthermore, fibroblasts exhibit cellular plasticity with the unique ability to alter their phenotype for occupation of varying functional roles \[[@CR27]--[@CR29]\]. Although less understood, we are beginning to appreciate the heterologous molecular response of fibroblasts that undergo varying mechanical stress \[[@CR2], [@CR3], [@CR9], [@CR16], [@CR17]\]. We chose to use the VFF as our surrogate cell type due to the unique biomechanical demands of this organ and tissue-type \[[@CR10], [@CR18], [@CR19]\]. Our overarching goal was to utilize this cell-surrogate to identify mechano-responsive genes coding for biologic and cellular mechanisms that may contribute to extracellular matrix homeostasis.

Results demonstrated global demarcation of the fibroblast cell type across all anatomic site domains with the specialized genotype of the VFF uniquely characterized to achieve homeostasis under complex mechanobiological requirements. In specific, we found increased expression of gene transcripts *FGR* and *HIP1R,* in the vocal fold versus trachea comparative analysis, which were associated with the GO cellular component of cell membrane ruffling. This structural phenomenon has been associated with Rho-GTPase activity and is observed as the formation of actin-rich membrane protrusions on the cell surface, which provide a unique mechanism for targeted molecular transduction, critical for regulation of immune response, cytoskeleton remodeling in response to extracellular stimuli, and cell motility \[[@CR30]--[@CR33]\]. To our knowledge, this is the first study that has identified specific genes involved in this unique membranous cellular process within the VFF which may have acquired to rapidly ameliorate remodeling of the ECM composition. Additionally, we found significant GO cellular component, biologic process, and signaling pathway terms, within the vocal fold versus lung comparative analysis, associated with activation and regulation of GTPase activity, G-protein coupled receptor complex, Rap1 and cAMP signaling pathways. These pathways seem to be driven by the genes *Rap1GAP* and *Rap1GAP2*. These gene homologues encodes a type of GTPase-activating protein (GAP) that down-regulates the activity of the Ras-related *Rap1* protein which is well-known for its role as a molecular switch, cycling between inactive GDP-bound and active GTP-bound conditions \[[@CR34]\]. *Rap1GAP*, therefore, acts to inhibit *Rap1* activity, resulting in a cellular "protective mechanism" by inhibiting proliferation, impairing cell invasion and metastasis, and accelerating apoptosis \[[@CR35]--[@CR40]\]. Furthermore, *Rap1GAP* has also been recognized for its role on impairing cell-matrix adhesion in the absence of effects on cell-cell adhesion \[[@CR41]\].

Aiding in ECM regulatory processes are the presence of MMPs, vital for cell migration and degradation of cellular debris. Our results found that *MMP11* was upregulated in VFF compared to trachea as well as *MMP27* upregulated in VFF compared to lung cell comparisons. Another interesting observation was the upregulation of *IGF2* and *IGF1R* genes within the VFF compared to lung cell-type comparison. *IGF2* encodes a member of the insulin family of growth factors involved in development and growth, whereas, *IGF1R* is a high-affinity receptor for insulin-like growth factors with its ligands involving *IGF1*, *IGF2*, and insulin \[[@CR42]\]. Additionally, recent work has elucidated biochemical mechanistic interactions involving Rap1 signaling by presumed *Rap1GAP* and *IGF1R* \[[@CR43]\]. Taken together, it seems that the VFF, under constant mechanical forces, may have developed dynamic genetic regulatory mechanisms for active motility, and close surveillance of the surrounding extracellular environment.

Another important pathway expressed by VFFs, which aid in regulating the local, bioactive milieu seem to be genes associated with prostaglandin synthesis and regulation *(PTGFR, PTGIS, EDNRB, PTGER3, PLA2G4A, PTGS2, PTGS1, PTGDR*). These gene transcripts are variants for prostaglandin receptors of the G-protein coupled receptor family (*PTGFR*, *PTGDR, PTGER3),* important for binding affinity to their respective ligands for inflammatory regulation and synthesis (*PTGIS, PTGS1*, *PTGS2).* Previous work has shown the complexity of prostaglandin E2 (*PGE*~*2*~), as both a regulator of inflammation and agonist of healing during the proliferative phase through its interactions with mesenchymal cells enlisted into the wound bed \[[@CR44]\]. Prostaglandin-endoperoxide synthase 2 (*PTGS2),* otherwise known as *COX-2,* is the downstream product of *PGE*~*2*~*,* and has been implicated in immune mediation of inflammation; however seems to be organ-dependent with regard to function \[[@CR45]--[@CR49]\]. In vitro research investigating signaling of immortalized VFFs found that interleukin 1 beta (*IL-1β*) regulated *COX-2* in a dose- and time-dependent manner, altering *PGE*~*2*~ metabolism by upstream translocation of nuclear factor (NF)-кB \[[@CR49]\]. Due to the elusive attributes of *PGE*~*2*~, this same group sought out to determine the effects of *PGE*~*2*~ on VFF and its interaction with *TGFβ-1.* Results revealed that *PGE*~*2*~ does have an antifibrotic effect on the VFF, however, that exogenous *TGFβ-1* elicits induction of *COX-2*, suggesting inherent pathway signaling complexity \[[@CR44]\]. Our data did exhibit upregulation of *COX-2* in both VF versus lung and VF versus palate comparisons; however, a lack of identified overexpressed *PGE*~*2*~ within the VFF was evident across all other 2-group cell type comparisons*.* Given this we speculate that upon insult, crosstalk between *TGFβ-1* and *COX-2* strengthens, enhancing *COX-2* expression, which results in increased *PGE*~*2*~ expression thereby dampening profibrotic fibroblast activity in vivo. Additional studies are needed to fully appreciate this complex signaling pathway. Our results suggest that mechano-responsive fibroblasts may retain low levels of chronic inflammation under their respective conditions, albeit in a controlled manner for ongoing homeostasis.

Equipoise between profibrotic and antifibrotic fibroblast phenotype is critical for maintaining extracellular homeostasis. Aiding in mechanical support for active tissue-types are a family of enzymes entitled, hyaluronic acid synthases (HAS). This gene family consists of three genetic homologues (e.g. *HAS1*, *HAS2, HAS3*) that code for the hyaluronic acid (HA) protein found in high concentrations in diverse connective tissues and serves to provide ECM stability, viscoelasticity, hydration, shock absorption, and movement of substances \[[@CR50]\]. Characterization of HAS enzymes have identified two categories based on molecular weight and which correspond to differing physiological functions. Specifically, *HAS1* and *HAS2* produce high molecular weight HA important for cellular adhesion and inhibition of cellular proliferation. *HAS3,* on the other hand, produces low molecular weight HA critical for initiating signaling cascades, stimulating cell proliferation, angiogenesis, and inflammation \[[@CR50]--[@CR54]\]. Our data exhibited decreased expression of *HAS2* in VFF compared to trachea, however, increased expression of *HAS3* in VFF compared to lung, albeit decreased expression of *HAS3* in VFF compared to gingiva fibroblast. While the former is divergent to what was expected, previous research has established the importance of HA in determining the viscoelastic properties of the vocal fold cover as well as the role played under normal physiologic conditions and within wound-healing paradigms \[[@CR55]--[@CR57]\]. Our varied results regarding *HAS3* expression across different cell type comparisons reinforce its tissue-dependent function. These results also conform previous characterization work with regard to increased *HAS3* expression within cell types well-known for rapid cell proliferation upon wounding and increased ability for minimal scar formation \[[@CR58]--[@CR60]\]. Overall, our findings exhibit decreased expression of *HAS2*, increased expression of *HAS3*, increased biologic terms associated with cell proliferation, and multiple active signaling cascades (e.g. Rap1, cAMP, prostaglandin synthesis and regulation).

Taken together, our data represent intriguing evidence for manners in which fibroblasts respond to support frequent and high inertial stresses. Previous literature draws parallels to our findings, exhibiting Rap1 as a major signaling cascade pathway in the VFF genotype with coordination from insulin growth factors, prostaglandins, and MMPs for targeted cellular and extracellular environmental monitoring. Furthermore, presumed mechanical forces on the vocal fold tissue niche seem to engender a uniquely characterized VFF genotype, resulting in a phenotype inclined for immediate response to local environmental fluctuations via signaling pathways and active ECM remodeling under homeostatic conditions; thus avoiding more severe ensuing inflammatory consequences.

VFF lack disassembly mechanisms established in minimal scarring tissue phenotypes {#Sec11}
---------------------------------------------------------------------------------

Currently and within the field of laryngology, effective remedial treatment options are inadequate for VF scarring of the lamina propria. Therefore, comprehensive characterization of genetic cues contributing to (or lack thereof) the wound healing paradigm are necessary for advancing the field. Due to these clinical shortcomings, we performed comparative analyses involving the VFF against oral mucosa tissue types well known for minimal scarring (e.g. soft palate fibroblast, upper gingiva fibroblast). Enrichment analysis identified two new functional themes upregulated within the VFF compared to the soft palate and upper gingiva fibroblast, which included the cellular component term associated with membrane attack complex (*CD59*, *CLU*), and transforming growth factor beta receptor complex *(LPAR1, PCDH18, TM4SF1, TGFBR2, FGFR1),* respectively.

The membrane attack complex (MAC), is a multi-protein pore found inserted on cell membranes, which upon activation inserts into and directly lyses microbes and a wide range of Gram-negative bacteria essential for innate immune host defense \[[@CR61], [@CR62]\]. *CD59* (also known as *protectin*) encodes a glycoprotein on the cell surface that regulates complement-mediated cell lysis by inhibition of MAC. While the overexpression of this protein protects against circulating complement, increased internalization has been correlated with hypoxic conditions and results in endothelial cell damage \[[@CR63], [@CR64]\]. *CLU* (also known as *clusterin*) encodes for numerous homologous chaperone proteins whose functions depend upon topological location, with variants aiding in prevention of nonnative protein aggregates \[[@CR65]\], cellular apoptotic signaling, and inhibiting cell growth and survival \[[@CR66], [@CR67]\]. Furthermore, recent evidence found that laminar shear stress negates endothelial cell activation through upregulation of *CLU*, inhibiting the proinflammatory response by reduced expression of interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-1). In contrast, expression of *CD59* was not found to be affected by shear stress \[[@CR68]\]. To date, there is a paucity of literature characterizing the laryngeal microbiome and immunologic bionetwork, specifically, within the vocal fold cellular and extracellular milieu, and to our knowledge this is the first study to identify this unique cell membrane function in the VFF.

Since we were also interested in gene transcripts upregulated within oral mucosa, which may provide insight into its advanced wound-healing properties, we explored reciprocal enrichment analysis and found significant GO biologic process terms associated with ECM disassembly across both soft palate and upper gingiva fibroblast genotypes compared to VFF. Transcripts encoding for ECM disassembly involved adhesive structural proteins (*COL1A1, COL1A2, COL4A1, COL6A3, FBN2, FN1, LAMC1),* supporting matricellular proteins (*SPARC, THBS1)*, as well as, proteoglycan *(LUM)* and proteinase *(CTSK)* transcripts \[see Additional file [3](#MOESM3){ref-type="media"}\]. *COL1A1, SPARC,* and *THBS1* were identified to be upregulated with overlap across both soft palate and upper gingiva comparisons*.* Previous research has elucidated that expression of *SPARC* (otherwise known as *osteonectin*) functions to regulate cell-matrix interactions influencing numerous important physiological and pathological processes. Specifically, in adult stages, *SPARC* function is largely limited to tissue remodeling during homeostasis and wound healing both through its growth factor modulatory activity (e.g. PDGF, VEGF, bFGF), cell cycle-inhibition, and de-adhesive properties via altering cell morphology \[[@CR69], [@CR70]\]. Research investigating VF tissue, identified genes differently expressed in polyp lesions versus Reinke's edema, and found *SPARC* significantly upregulated in VF polyps, suggesting its reparative role in regulating the polyp microenvironment \[[@CR71]\]. However, *SPARC* has also been implicated in oncologic studies playing a prominent role in both tumorigenesis and tumor suppression \[[@CR72]\]. Thrombospondin 1 *(THBS1),* another matricellular supportive protein, is a potent angiogenesis inhibitor and has been found to dictate wound healing as well as prevention of tumor progression through its participation with p53 \[[@CR73], [@CR74]\]. Although previous research have uncovered the wide diversity of matricellular protein contribution to normal and oncologic biology, much is still unknown about the pathophysiology of this unique group of modular ECM proteins, with our data establishing its increased expression during homeostasis in the oral mucosa microenvironment.

Another interesting finding were the identification of gene transcripts *LUM* (otherwise known as *lumican*) and *CTSK* (otherwise known as *cathepsin K*) associated with the GO biologic process term of ECM disassembly, albeit, upregulated within the VFF compared to both soft palate and upper gingiva fibroblast cell types. *CTSK* encodes a lysosomal cysteine proteinase and is essential for normal bone resorption and remodeling \[[@CR75]\], whereas, *LUM* encodes for a small leucine-rich proteoglycan (SLRP) that has been shown to regulate collagen fibrillogenesis via modulation of epithelial cell adhesion and migration, in addition to, its recently discovered role for wound healing within the corneal epithelium \[[@CR76]\]. SLRPs are not only well-known for modulating a variety of cellular behaviors, including migration, proliferation, and tissue repair, but also regulation of the ECM environment via its effect on tissue hydration \[[@CR77], [@CR78]\]. This finding is important for vocal fold biology as decorin, another SLRP, has been previously described predominating in the superficial layer of the lamina propria; functioning to decrease collagen fiber size and density in addition to its ameliorating effect on tissue injury and healing \[[@CR79]\]. Speculation has also been given to the effects decorin has on fibroblastic response to tissue injury \[[@CR80]\]. This data adds further evidence of the increased diverse presence of SLRPs within the vocal fold milieu, which may play a larger role than previously recognized with regard to tissue architecture and cellular remodeling.

Previous research has also identified *SPARC* to orchestrate with transforming growth factor beta-1 (*TGFβ-1)* in human fibroblasts*,* with increased *TGFβ-1* mRNA expression paralleled to increased *SPARC* synthesis during wound healing \[[@CR81]\]. Furthermore, mutual upregulated expression of lysyl oxidase-like 2 *(LOXL2)* was found in both oral mucosa cell types, with prior research demonstrating this cross-linking enzyme as a critical regulator of ECM organization by enhancing TGF*β* signaling \[[@CR82]\]. Our data supports these findings and exhibits that these genetic transcripts (*TGFβ-1, TGFβ-2)* seem to also associate during homeostasis in rapidly renewing tissue types such as oral mucosa. Given what we know about oral mucosa minimal scar phenotypes, and its active expression of *TGFβ* ligands in association with matricellular proteins and crosslinking-enzymes, we can assume that these cellular expression/collaborations are advantageous to the surrounding ECM in its ability for ongoing remodeling.

By performing comparative analysis utilizing the VFF, a mechanically stressed cell surrogate, we begin to appreciate trends within our data related to the numerous fibroblast genotypes whose origins derive along the unified airway. Specifically, fibroblasts from various anatomic origins seem highly functionally differentiated to the demands of their local mechanical microenvironment. Fibroblast cell types within the oral mucosa (e.g. soft palate, upper gingiva), due to chronic environmental exposure, seem to have adapted a maturated advantage related to the increased ability to efficiently assemble and disassemble their respective ECM, of which the latter was absent from the VFF. These data may provide important gene targets for regulating biological processes involved in tissue development, growth, and regeneration and repair.

VFF share multiple phylogenetic relationships with the developing heart {#Sec12}
-----------------------------------------------------------------------

Recent work has shown that regardless of heterogeneous tissue types, adult stem cells preferentially express certain gene transcripts and share higher-order patterns of gene expression relating to specific intracellular processes (e.g. regulation of transcription, RNA binding, protein biosynthesis) \[[@CR83]\]. Our global gene expression patterns exhibited reciprocity of multiple genes critical in heart development \[see Additional file [3](#MOESM3){ref-type="media"}\] and related processes with highly represented GO biologic process terms associated with DNA-templated transcriptional regulation processes of initiation, elongation, and termination, regulation of antisense RNA transcription as well as regulation of cell proliferation and differentiation. Highly upregulated gene transcripts identified were *HAND2, NKX2--5, ISL1, WNT11, OSR2, TBX3, TBX5, SOX9, SOX5, TFAP2A,* and *TFAP2B.*

It has long been known that craniofacial muscles are associated with head and neck structures and, in the developing embryo, these structures derive from the pharyngeal or branchial arches \[[@CR84]\]. However, recent findings have recognized increased heterogeneity of muscle origins and progenitor fates of the vertebrate head \[[@CR85]--[@CR87]\], with emerging evidence suggesting a shared pool of mesoderm progenitor cells within the cardiopharyngeal field (CPF) of vertebrate embryos \[[@CR88]\]. Our results identified numerous gene sets upregulated that are known to be involved in early developmental processes influencing site-specific cell fates. For example, *NKX2--5, HAND2, TBX3, ISL1, SIX1, EYA* and *HES* were upregulated in the VFF, overrepresented for numerous shared developmental origins related to regulation of head muscle structures (roof of mouth development, pharyngeal system development) and heart development and morphogenesis. In vertebrates, the CPF gives rise to the first-heart-field (FHF), the second-heart-field (SHF), and the branchiomeric muscles. Within the pharyngeal mesoderm, SHF progenitors produce the right ventricle, parts of the atria, and cardiac muscle tissue of the outflow tract \[[@CR89]--[@CR91]\]. Key players in this include the transcriptional factor *ISL1*, which marks a subset of CPF cells important for cardiovascular development and skeletal muscle progenitors \[[@CR92]\], and *NKX2--5*, which regulates proliferation within the SHF and acts in concert with *ISL1* to modulate SHF progenitor-specific gene expression \[[@CR93]--[@CR95]\]. Coordinated clustering patterns were also appreciated between *NKX2--5* and *HAND2* across all cell type comparisons, which are known for their late stage embryonic differentiation capacity. *HAND2* belongs to the basic helix-loop-helix family of transcription factors and is known to play a key role in cardiac right ventricle and atria morphogenesis \[[@CR96]\] within the SHF as well as limb and branchial arch development \[[@CR97], [@CR98]\]; while *NKX2--5* coordinates commitment to and/or differentiation of the myocardial lineage within the SHF. The presence of *NKX2--5* transcripts have also been implicated in other myogenic descendants within a murine model, such as, primitive pharyngeal endoderm, thyroid primordium, lingual, spleen, and stomach tissue with limited persistence into adulthood in some tissue types \[[@CR99]\]. Targeted deletion assays have elucidated that the absence of endothelin-1 (ET-1), an enhancer controlling expression of *HAND2,* leads to cardiac abnormalities and a spectrum of craniofacial defects including cleft palate, cartilage malformation, and mandibular hypoplasia \[[@CR99]\]. Another interesting finding was the overexpression of *TFAP2A,* and *TFAP2B,* alongside *ISL1* and various other CPF gene sets. These paralog gene transcripts encode for transcription factor proteins which have been implicated in vertebrate neural crest developmental and ectodermal evolution \[[@CR100]\]. It has also been found that FGF signaling, specifically *FGF13*, plays a key role in neural development \[[@CR101]\] with additional literature suggesting that FGF participation is necessary for *TFAP2A* pattern regulation indirectly via the Wnt-β-catenin pathway \[[@CR102]\]. Interestingly, our data exhibited upregulation of *FGF13* in VFF across all cell type comparative analyses with the exclusion of the trachea fibroblast. Lastly, upregulation of multiple T-box genes were identified within the VFF across various cell type comparisons, which involved trachea *(TBX3),* lung *(TBX18),* upper gingiva *(TBX2, TBX4, TBX5)*, and soft palate *(TBX3, TBX4, TBX5).* Members of this highly conserved gene family encode for transcription factors responsible for regulation of developmental processes, and have been implicated in early heart development *(TBX2, TBX3, TBX5)* \[[@CR103]\] as well as mammary gland development *(TBX2, TBX3)* \[[@CR104]\]*,* with aberrant expression associated in tumorigenesis and abnormal development \[[@CR104], [@CR105]\]. Our data recognized numerous overexpressed TBX homologues within the VFF genotype and suggests a possible regulatory role in vocal fold development and specificity.

Study limitations {#Sec13}
-----------------

Several limitations of this work warrant discussion. One limitation of this investigation was that we did not include other highly biomechanically sensitive tissues (e.g. heart value) into our study design for comparative analysis. More specifically, the cardiac fibroblast-like cell type, which would have represented an interesting comparison for further elucidation of shared phylogenetic relationships and specialized mechanisms for cellular plasticity and ECM regulation. The lack of inclusion of this cell type was due to two reasons: (1) we were limited in tissue procurement locations, and (2) discoveries of the genetic similarities between the VVF and cardiac development were previously unknown. Another caveat of this work is that our results were completed with culture fibroblasts from the tissue of interest (albeit at very low passages). Subsequently, gene expression from in vivo fibroblasts may not be entirely consistent with in vitro fibroblasts. Lastly, due to the inherent difficulty in accessing the larynx and acquisition of vocal fold tissue, we were unable to complete histological validation of our differential findings, however, recent work has demonstrated high sensitivity and reproducibility of RNA-seq, particularly in differential gene-expression analysis \[[@CR106]\].

Conclusions {#Sec14}
===========

The vocal folds are uniquely positioned at the crossroads of the unified airway with exposure to chronic insult resulting from environmental irritants \[[@CR107]\] as well as excessive mechanical loads that warrant a distinct cellular phenotype capable of active remodeling during homeostasis and following wound injury \[[@CR9]--[@CR13]\]. Significant advances have been made in the recent years in understanding the pathophysiology of the stratified layers of the vocal fold, however major challenges continue to exist within the field of tissue engineering and developmental genetics. To our knowledge, this is the first investigation to sequence numerous human fibroblast cell types derived from various, albeit, shared developmental origins while using the VFF as a surrogate cell to evolve our understanding of its genotype as it relates to a mechanically stressed and differentiated cell type. Data was extrapolated in relation to biological processes for homeostatic maintenance of its unique structure. Upregulated VFF gene transcripts were associated with GO enrichment analyses which revealed several functional themes across various cell type comparisons related to transcription factors for signaling pathways regulating pluripotency of stem cells, as well as, ECM components of cell signaling, migration, proliferation, and differentiation potential. Human fibroblasts display a phenomenon of global topographic differentiation, which is maintained in isolation via in vitro assays. Epigenetic mechanical influences on vocal fold tissue may play a role in uniquely modelling and maintaining the local environmental cellular niche during homeostasis. VFF exhibited a distinctly specialized genotype related to their anatomic positional and developmental origins. Undoubtedly set forth during embryogenesis, the VFF genotype seems increasingly poised for cellular physiologic modifications for rapid and optimal response to local bioenvironmental fluctuations (e.g. inflammation) and various biomechanical demands.

Methods {#Sec15}
=======

Fibroblast isolation and culture {#Sec16}
--------------------------------

Primary normal human fibroblasts were derived from procurement of autopsy samples from healthy cadavers at University of Wisconsin-Madison, Department of Pathology and Laboratory Medicine in accordance and with approval from the Institutional Review Board (No: 2015--1482) at the University of Wisconsin-Madison. Additional human lung fibroblast cells from normal donors were kindly gifted from Dr. Carol Feghali Bostwick of the Medical University at South Carolina. Heterogeneous donors were included to serve as biological replicates rather than technical replicates. Primary cell lines assessed in this investigation represented fibroblasts along the unified airway which included; vocal fold (unilateral, anterior 1/3rd), trachea (superior to 3rd tracheal ring), lung, gingiva (upper), and palate (soft) as well as the inclusion of abdominal and scalp tissue samples for dermal site correlates. All tissue samples were procured from donors within 24 h of death and processed within 1 h of sample harvesting. Criteria for inclusion consisted of the following: (1) subjects were ≤ 89 years of age, and (2) were unaffected from any disease processes identified from medical records and visual inspection. For tissue explant and culture methodology, please refer to previously published work \[[@CR5], [@CR108], [@CR109]\]. To allow for optimized cell proliferation and migration from original explants, medium was renewed every 2 to 3 days. Upon reaching subconfluence (e.g. 80--90% confluent), cells were trypsinized and passed to T75 flasks for downstream cell seeding. Passaging ratios between 1:2 and 1:4 were utilized for seeding of cells into 10 cm culture dishes at defined cell densities based upon manual counting of trypsinized cell suspensions using a hemocytometer and subsequent cell concentration calculations. For this experiment, fibroblast cells from passage 3 and 4 were utilized for RNA harvest.

Fibroblast lineage confirmation utilizing endothelial, epithelial, and skeletal cell cultures {#Sec17}
---------------------------------------------------------------------------------------------

Human umbilical vein endothelial cells (HUVEC) (Lonza Walkersville, Inc.), human small airway epithelial cells (SAEC) (Lonza Walkersville, Inc., Walkersville, MD), and skeletal muscle cells (SkMC) (Lonza Walkersville, Inc.) were harvested from cryopreserved batches from our laboratory, plated and grown confluent with the following mediums: EGM-2 Bulletkit, EBM-2 plus SingleQuots® of growth supplements (CC-3162) (Lonza Walkersville, Inc.), SAGM Bulletkit, SABM plus SingleQuots® of growth supplements (CC-3118) (Lonza Walkersville, Inc.), and skeletal muscle cell supplemented growth medium (Cat No. 151--500) (Cell Applications, Inc.).

Fluorescent immunocytochemistry {#Sec18}
-------------------------------

As previously published \[[@CR5]\], a subtractive immunocytochemical methodology was utilized to resolve cell lineage by staining with von Willebrand factor (vWF), cytokeratin 19, and α-actinin antibodies for identification of endothelial, epithelial, and skeletal muscle cells, respectively. Fibroblasts were distinguished by the absence of staining for vWF, cytokeratin 19, and α-actinin. Staining was repeated in triplicate and in parallel for all cell lineages and cell types. SAEC, HUVEC, SkMC, and fibroblasts were seeded into separate 12-well plates on top of sterile glass slides at a density of 5 X 10^3^ cells per mL or 1 X 10^4^ cells per mL and grown in a 37 °C incubator with 5% CO~2~ to between 50 to 90% confluence. Cells were rinsed 1X with phosphate-buffered saline (PBS). SAEC, SkMC, and corresponding fibroblasts were fixed with 4% paraformaldehyde (PFA) for 10 min, while HUVEC cells were fixed with ice-cold methanol for 15 min and air dried. SAEC and fibroblasts were rinsed 3X with PBS and then covered for 10 min in 0.5% Triton X-100 buffer for permeabilization, while HUVEC and SkMC were treated with 1% NP-40 buffer. After which, cells were blocked in a solution of 1% bovine serum albumin (BSA), 10% goat serum for 30 min.

All cells were then incubated, either in a 37 °C humidified incubator for 2 h or overnight at 4 °C, with the primary antibody of interest in 1% BSA (DAKO Corporation, Carpentaria, CA). Primary antibodies included the following: mouse antihuman cytokeratin 19 (1:200; DAKO Corporation) against SAEC, rabbit antihuman vWF (1:200, DAKO Corporation) against HUVEC, and mouse antihuman α-actinin (Sacromeric) (1:200; Sigma-Aldrich, St Louis, MO) against SkMC. All fibroblast cell types were incubated with all three primary antibodies in parallel with positive controls. Negative controls were also performed in parallel with normal rabbit serum (DAKO Corporation) or normal mouse serum (DAKO Corporation) at an equal concentration as the primary antibody. Following primary staining, cells were rinsed 3X with wash buffer (0.1% Triton X-100) and incubated at 21 °C for 1 h with fluorescein isothiocyanate--conjugated secondary goat antimouse or goat antirabbit antibody (1:200; BioSource International, Inc., Camarillo, CA) for green fluorescence. Cells were then mounted with VECTASHIELD Mounting Medium with propidium iodine or DAPI (Bector Laboratories, Inc., Burlingame, CA) to counterstain DNA fluorescent red or blue to confirm the presence of live cells. An additional image file displays all primary and secondary antibodies used in detail \[see Additional file [4](#MOESM4){ref-type="media"}\]. Immunofluorescence images were captured on a Nikon Eclipse E600 fluorescent microscope (Nikon, Melville, NY) with a Pixera color camera (Pixera, Los Gatos, CA). Images were collected at 10X and 20X and merged with cellSens digital imaging software v1.9 (Olympus). All images were captured with consistent exposure settings.

Isolation and purification of Total RNA {#Sec19}
---------------------------------------

To obtain total RNA, cultured fibroblasts were trypsinized and harvested at a density no less than 1 X 10^6^. Cells were then neutralized with fresh media (described earlier) and centrifuged at 1000 rpm for 10 min to retrieve the cell pellet. Total RNA was purified from cell pellet samples using the RNeasy Mini Kit (Cat No. 74106) (QIAGEN) according to the manufacturer's protocol. RNase-free DNase (QIAGEN) was treated on the column for 15 min to remove the minimum genomic DNA contamination. Quantification of all total RNA samples, initially, were performed using a NanoDrop 1000 spectrophotometer (Thermo Scientific), and integrity of samples were confirmed with the following three criteria for inclusion: (1) a concentration \> 40 ng/ml, (2) an A~260~/A~280~ rating of 1.8 and 2.1, and (3) an A~260~/A~230~ ratio \> 1.8.

Construction and sequencing of directional libraries {#Sec20}
----------------------------------------------------

Total RNA submitted to the University of Wisconsin-Madison Biotechnology Center was verified for purity and integrity via the NanoDrop One Spectrophotometer and Agilent 2100 BioAnalyzer, respectively. Samples that met the Illumina sample input guidelines were prepared according the TruSeq® Stranded mRNA Sample Preparation Guide (Rev. E) using the Illumina® TruSeq® Stranded mRNA Sample Preparation kits (Illumina Inc., San Diego, California, USA). For each library preparation, mRNA was purified from 1μg total RNA using poly-T oligo-attached magnetic beads. Subsequently, each poly-A enriched sample was fragmented using divalent cations under increased temperature. The fragmented RNA was synthesized into double-stranded cDNA using SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, California, USA) and random primers for first strand cDNA synthesis followed by second strand synthesis using DNA Polymerase I and RNAse H for removal of mRNA. Double-stranded cDNA was purified by paramagnetic beads (Agencourt AMPure XP beads, Beckman Coulter). The cDNA products were incubated with Klenow DNA Polymerase to add an 'A' base (Adenine) to the 3′ end of the blunt DNA fragments. DNA fragments were ligated to Illumina adapters, which have a single 'T' base (Thymine) overhang at their 3′ end. Adapter-ligated DNA products were purified by paramagnetic beads, successively amplified in a Linker Mediated PCR reaction (LM-PCR) for nine cycles using Phusion™ DNA Polymerase and Illumina's PE genomic DNA primer set and then purified by paramagnetic beads. Quantity and quality of completed libraries were evaluated using a Qubit® dsDNA HS Assay Kit (Invitrogen, Carlsbad, California, USA), and an Agilent HS DNA or DNA1000 chip (Agilent Technologies, Inc., Santa Clara, CA, USA), respectively. Libraries were standardized to 2 nM. Cluster generation was executed using standard Cluster Kits (v4) and the Illumina cBot. Single end, 100 bp sequencing was completed using standard SBS chemistry (v4) on an Illumina HiSeq2500 sequencer. Images were analyzed using the standard Illumina Pipeline, version 1.8.2.

Statistical analysis {#Sec21}
--------------------

Single end samples were sequenced using one lane; 88% of the reads on average were mapped back to the transcriptome yielding 29,155,924 as the average mapped reads and 33,073,817 as the average of total reads using the short-read aligner Bowtie (version 1.0.0) \[[@CR110]\], followed by RSEM (version 1.2.7) to estimate gene expression \[[@CR111]\]. All analyses were carried out in R (version 3.4.0; R Development Core Team, 2012), with specific software packages obtained from Bioconductor \[[@CR112]\]. Data were normalized using Median by Ratio method in EBSeq (version 1.14.0) \[[@CR113]\] and DESeq2 (version 1.16.1) was applied for identification of differentially expressed genes \[[@CR114]\]. For each heatmap, the rows are transformed to z-scores. Specifically, expression in each row is scaled to have mean zero and standard deviation one. Hierarchical clustering and principle component analysis (PCA) were used to visualize the overall effect of group, age, and sex. Age-related effects were analyzed following the grouping of patients into three main categories: \< 40, 40--69, and ≥ 70. *P*-values were adjusted by the Benjamini-Hochberg method to control False Discovery Rate (FDR) at 0.05.

Enrichment analysis {#Sec22}
-------------------

Once exclusively differentially expressed genes were identified, we performed tests of enrichment using Gene Ontology (GO) annotations utilizing Enrichr (version 2017b) \[[@CR115], [@CR116]\] to investigate evidence of overrepresentation of common ontology terms for all cell type comparisons. Enrichr software filters GO cellular component and biologic process results by a "combined score" which represents the log of the *p*-value from the Fisher's Exact test multiplied by the z-score of the deviation from the expected rank and with the ontology tree cut at a level four for generation of gene sets. KEGG pathway and WikiPathway analyses within the Enrichr software are computed by their respective p-value from the Fisher's Exact test.

Additional files
================

 {#Sec23}

Additional file 1:Most highly expressed gene transcripts per anatomic site comparison. Top 10% identified significantly differentially expressed gene transcripts within each cluster for upregulated vocal fold condition versus trachea; top 2% for vocal fold versus lung; top 5% for vocal fold versus soft palate; and top 5% for vocal fold versus upper gingiva cell type comparisons. Fold change in DE and associated adjusted *P*-value are indicated. (TIF 544 kb) Additional file 2:Differential gene expression pattern analysis for dermal comparisons identified by RNA sequencing. (A) Transcriptomic heatmap exhibiting clustering of 3352 genes differentially expressed between vocal fold versus scalp dermis. (B) Transcriptomic heatmap exhibiting clustering of 3471 genes differentially expressed between vocal fold versus abdomen dermis. Adjusted *P* \< 0.05. Rainbow colored dendrogram panel represents clustering of genes, where closely related genes will be grouped together. Genes within a cluster are in a similar color and more correlated to each other than to genes outside that cluster. (TIF 853 kb) Additional file 3:Gene specific heatmaps. (A) Human heart development comparing gene transcripts for vocal fold, lung, palate, and gingiva fibroblast cell types, as well as, (B) ECM disassembly comparing gene transcripts for vocal fold, palate, and gingiva fibroblast cell types. Upregulated gene transcripts were identified by WikiPathways analysis and GO biologic process analysis within Enrichr software. (TIF 241 kb) Additional file 4:Primary and secondary antibodies. (TIF 286 kb)
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